The prokaryotic diversity and respiratory activity of microbial mat communities on the Markham Ice Shelf and Ward Hunt Ice Shelf in the Canadian high Arctic were analysed. All heterotrophic isolates and > 95% of bacterial 16S rRNA gene clone library sequences from both ice shelves grouped within the phyla Bacteroidetes, Proteobacteria and Actinobacteria. Clone library analyses showed that the bacterial communities were diverse and varied significantly between the two ice shelves, with the Markham library having a higher estimated diversity (Chao1 = 243; 105 operational taxonomic units observed in 189 clones) than the Ward Hunt library (Chao1 = 106; 52 operational taxonomic units observed in 128 clones). Archaeal 16S rRNA gene clone libraries from both ice shelves were dominated by a single Euryarchaeota sequence, which appears to represent a novel phylotype. Analyses of community activity by radiorespiration assays detected metabolism in mat samples from both ice shelves at temperatures as low as -10°C. These findings provide the first insight into the prokaryotic biodiversity of Arctic ice shelf communities and underscore the importance of these cryo-ecosystems as a rich source of microbiota that are adapted to extreme cold.
Introduction
The areas of Earth that sustain life are dominated by cold environments, with approximately 75% of the biosphere existing at temperatures below 5°C (Cavicchioli, 2006) . Research of these vast expanses of frigid habitat has recently revealed the importance of these environments as complex, active, ecosystems, home to diverse and unique microbial communities (Deming, 2002) . Studies of ice bound ecosystems are providing insight into how life may have existed when Earth experienced periods of widespread glaciations in the Paleoproterozoic (2.4 billion years ago) and Neoproterozoic (550-800 million years ago) periods (Vincent et al., 2000) . Microbial ecosystems in cryo-environments are also of relevance to astrobiology, particularly with knowledge that the polar regions of Mars and the moons of Jupiter and Saturn contain stocks of frozen water capable of supporting life in the past or present (Kivelson et al., 2000; Malin and Edgett, 2000; Jakosky et al., 2003; Lorenz, 2003; Schulze-Makuch et al., 2005) . Finally, the study of microbiology in cold environments is highly relevant to biotechnology and bioremediation; cold-adapted organisms and their enzymes are increasingly sought after and exploited in the food, chemical and textile industries, and for the remediation of contaminated cold environments (Gerday et al., 2000) . The impetus to increase our understanding of cold ecosystems has led to the description of microbial assemblages in other cryo-environments, including sea ice (Brown and Bowman, 2001; Brinkmeyer et al., 2003; Junge et al., 2004) , lake ice (Mosier et al., 2007) , permafrost (Vishnivetskaya et al., 2006; Steven et al., 2007a) and glacial systems (Christner et al., 2003; Skidmore et al., 2005; Stibal et al., 2006; Zhang et al., 2007) ; however, many cold temperature systems remain little characterized to date. Ice shelves are regions of landfast sea ice that exist as perennial ecosystems in the Arctic and Antarctica. In both polar regions, these cryoenvironments provide unique habitats for complex microbial mat communities (Vincent et al., 2000; . These communities exist frozen and intact within the ice shelves through most of the year, and emerge seasonally in meltwater pools that form atop the ice shelf in summer months. These communities face many harsh environmental stresses, including constant exposure to low temperatures, fluctuations in salinity and high exposure to UV radiation during the summer months . Under these summer conditions, the phototrophic biomass demonstrates high productivity and mats can be seen to make up the majority of the biomass in ice shelf ecosystems . In addition to the large abundance of cyanobacteria (Vincent, 2007) , the mat ecosystems from both polar regions contain bacteria, diatoms, chlorophytes, flagellates, ciliates, nematodes, tardigrades and rotifers (Vincent et al., 2000) . Despite the diversity and complexity of these communities, analyses of microbial mats from Arctic and Antarctic ice shelves have been predominantly restricted to the cyanobacterial components (Vincent et al., 2004; Jungblut et al., 2005) .
The Ward Hunt and Markham ice shelves, located off the northern coast of Ellesmere Island in the Canadian high Arctic, are home to the richest reported Arctic ice shelf microbial mat communities. These ice shelves are among the remnants of a larger ice shelf that has been in place for at least 3000 years, but that has contracted 90% during the last century from 9000 km 2 to its current fragment sizes (Vincent et al., 2004) . Meltwater pools atop the ice shelves in summer months resemble dilute seawater (Vincent et al., 2004) , which remain predominantly as freshwater systems through the summer melt and become saline during freeze-up . Mat communities exist submerged within the meltwater pools and on raised mounds of ice with little or no water cover. Mats at both ice shelves share similar architectures, although the mat material found on the Markham Ice Shelf is generally more developed than that on the Ward Hunt Ice Shelf. Various cyanobacteria (Nostoc, Phormidium, Leptolyngbya, Gloeocapsa) and eukaryotic algae (Chlorosarcinopsis, Pleurastrum, Palmellopsis, Brateococcus) were identified in these mats and found to be most abundant in the top 100-500 mm of mat material (Vincent et al., 2004) . High concentrations of non-cyanobacterial prokaryotes have been observed in these communities, but their phylogenetic diversity has not been assessed. As such, the prokaryotic communities in these mats remain largely uncharacterized.
The objective of this study was to evaluate the prokaryotic diversity, microbial distribution and metabolic activity in the mats on the Ward Hunt and Markham ice shelves using a combination of culture-dependent and cultureindependent techniques. This study represents the first detailed description of the prokaryotic assemblages in the microbial mats of High Arctic ice shelves, the first molecular phylogenetic analyses of these mat communities and the first description of subzero metabolic activity in these mat communities.
Results

Site description
During the 2005 sampling, mats were found directly atop the ice at both the Ward Hunt and Markham ice shelves in meltwater pools and on raised mounds of ice. Temperature, pH and conductivity of the water overlaying the mats at each sample site are presented in Table 1 . During freeze-up, the mats experience much more extreme chemical and physical conditions due to freeze concentration of solutes and liquid water temperatures below 0°C. During the 2006 sampling period, mats were found frozen beneath approximately 45-55 cm of snow on both ice shelves, with snow temperatures directly overlaying mat samples of -7.0°C at the Markham Ice Shelf and -2.0°C at the Ward Hunt Ice Shelf. In both seasons, the mats consisted of dark organic material covered with a 0.5-1 mm layer of highly pigmented orange biomaterial. On the Markham Ice Shelf in 2006, the mat samples collected ranged from 60 to 100 mm in thickness. The dark organic material did not appear to be stratified by macroscopic observation, and anoxic black sediments reported previously in thick mats from Arctic and Antarctic ice shelves were not observed in the samples analysed in this study. The mats sampled at the Markham Ice Shelf were generally classified as 'orange mat' and were more highly pigmented than those found on the Ward Hunt Ice Shelf which were classified as cohesive 'matlet' based on previous mat classifications (Mueller et al., 2006) . Microscopic analyses showed that both mats contained a high concentration of mineral particles, as observed previously (Mueller et al., 2006) . (Fig. 1) . No growth was observed in samples plated on Subzero medium, regardless of incubation temperature. Isolates obtained grouped into 34 phylotypes (defined as isolates sharing greater than 97% 16S rRNA gene sequence similarity). Of the phylotypes obtained, 8 were isolated solely from the Markham Ice Shelf samples, 13 were isolated from the Ward Hunt Ice Shelf samples and 12 were isolated from samples from both ice shelves. Phylogenetic groupings and observations of growth at various temperatures on R2A supplemented with various salt concentrations for the isolates are presented in Table 2 .
Microbial enumeration and characterization
Denaturing gradient gel electrophoresis (DGGE) analyses
Denaturing gradient gel electrophoresis (DGGE) analyses of bacterial 16S rRNA genes were performed to compare the microbial composition of the ice shelf microbial mats, and the DGGE banding patterns were used to construct dendrograms. DGGE analysis revealed many similarities in banding patterns between all of the mat samples analysed (Fig. 2) . Although replicate samples collected from within the same ice shelf showed the highest degree of similarity to each other, the banding patterns of samples collected from the two different ice shelves were also similar. The DGGE profiles of the top and bottom layers of samples from each ice shelf also showed little variation. Culturing was performed on R2A agar supplemented with 0%, 1.0%, 2.5% and 5.0% w/v NaCl and incubated at 5°C, 25°C and 37°C. Error bars indicate standard error. Fig. 2 . Denaturing gradient gel electrophoresis (DGGE) analysis of bacterial 16S rRNA genes amplified from samples from two sites on the Markham Ice Shelf (M1 and M2), two sites on the Ward Hunt Ice Shelf (W1 and W2), as well as the upper and lower halves of core samples from M1 and W1. DGGE was run on an 8% acrylamide gel with a gradient of urea and formamide from 35% to 65% (left to right). A similarity matrix based on band position was used to construct a neighbour joining tree for comparison of banding patterns between lanes using Quantity One imaging software version 4.2.1 (Bio-Rad Laboratories, Hercules, CA). Cultured representatives from the BLAST analysis whose isolation sources were not available in GenBank were marked NA.
Despite the apparent difference in diversity, there were some similarities in community structure between the two sites, with representatives of the same phyla found to dominate both libraries (Fig. 3 ). The Markham library was dominated by the three phyla Bacteroidetes, Actinobacteria and Proteobacteria. Sequences grouping in the phyla Gemmatimonadetes, Firmicutes and Verrucomicrobia were also present in the library and represented less than 3% of the sequences in the library. Approximately 3% of the sequences in the library did not group well with any phylum. Members of the orders Sphingobacteriales and Flavobacteriales were found to comprise 71% and 9% of the Bacteroidetes phylum, respectively, while 20% of the sequences grouped in this phylum were unclassified. Approximately 94% of Actinobacteria sequences were of the subclass Actinobacteridae, and 6% of the sequences remained unclassified in the phylum. The phylum Proteobacteria had representatives of the classes g-Proteobacteria (15%), d-Proteobacteria (21%), b-Proteobacteria (38%) and a-Proteobacteria (23%). Approximately 86% of g-Proteobacteria sequences grouped within the order Xanthomonadales, and sequences grouping in the order Pseudomonadales and unclassified g-Proteobacteria each made up 7% of the class. Approximately 86% of b-Proteobacteria sequences were found to group in the order Burkholderiales, and 3% of sequences grouped in the order Hydrogenophilales and 11% of sequences remained ungrouped in this class. The classes d-Proteobacteria and a-Proteobacteria had representatives of multiple orders, with the d-Proteobacteria being comprised of sequences representative of the orders Desulfobacterales (50%), Desulfuromonales (15%), Myxococcales (10%) and unclassified d-Proteobacteria (25%). The a-Proteobacteria were comprised of sequences from the orders, Rhizobiales (36%), Rhodobacterales (27%), Sphingomonadales (23%), Rhodospirillales (9%) and Caulobacterales (5%). A total of 4% of the sequences grouping within the phylum Proteobacteria were unclassified within the phylum.
The Ward Hunt library was also found to be dominated by the phyla Bacteroidetes, Actinobacteria and Proteobacteria, with all sequences grouping within these phyla except for 2% of sequences that grouped in the phylum Fibrobacteres and 4% of sequences which did not group well with any phylum. Members of the order Sphingobacteriales made up 78% of the Bacteroidetes phylum, with the other 22% of the phylum composed of unclassified Bacteroidetes sequences. Members of the subclass Actinobacteridae made up 95% of the Actinobacteria phylum, while sequences grouping in the Rubrobacteridae subclass and unclassified Actinobacteria each made up 3% of the sequences in the phylum. Proteobacteria had representatives of the classes g-Proteobacteria (7%), d-Proteobacteria (9%), b-Proteobacteria (48%) and a-Proteobacteria (35%). All representatives of the g-Proteobacteria grouped within the order Xanthomonadales while~77% of b-Proteobacteria sequences grouped in the order Burkholderiales and the remaining 23% of sequences in this class represented unclassified b-Proteobacteria. The class d-Proteobacteria contained members of the two orders Desulfobacterales (80%) and Myxococcales (20%). The class a-Proteobacteria contained representatives of the orders Sphingomonadales (42%) Rhodobacterales (32%), Rhizobiales (21%) and Caulobacterales (5%). Phylogenetic trees constructed to analyse groupings of sequences from the clone libraries and cultured representatives obtained in this study indicated some similarities in community structure between the two ice shelves. Many sequences from the two different libraries clustered within the Proteobacteria (Fig. 4) with remaining sequences clustering with other phyla (Fig. 5) . The phylogenetic trees also reflect diversity in the clone libraries that was not observed in the cultured communities from either site. Although all of the cultured representatives grouped within the major phyla covered by the bacterial clone libraries, there were many sequences found within the libraries that do not group closely with cultured representatives of the communities. Conversely, 11/34 of the isolates recovered from the samples, shared greater than 99% sequence similarity with at least one clone found in the clone libraries. Comparison of sequences from both libraries to their closest BLAST match in the NCBI database revealed that many sequences were highly similar to previously described sequences. For example, 66% of the sequences in the Markham library and 85% in the Ward Hunt library showed greater than 97% sequence identity with their closest BLAST match. Sequences that shared less than 95% sequence identity with their closest match in the NCBI database represent 19% of the Markham library and 5% of the Ward Hunt library.
Archaeal 16S rRNA gene clone libraries
Restriction fragment length polymorphism (RFLP) analysis of the archaeal 16S rRNA gene inserts from 41 clones from the Markham Ice Shelf library and 39 clones from the Ward Hunt Ice Shelf library revealed the dominance of a single phylotype. Four inserts of the 80 analysed were found to have RFLPs differing from the dominant pattern, and sequencing of these inserts revealed either very slight sequence divergence (< 1%) from the dominant sequence, or did not provide reliable sequence reads. A total of 31 reliable sequence reads, 27 from the Markham library and 4 from the Ward Hunt library, were obtained by sequence analysis of inserts. A single sequence differing from the other 30 sequences had a closest BLAST match to a bacterial 16S rRNA sequence. A pairwise alignment of the other 30 sequences revealed that these sequences shared a minimum of 99% sequence identity (571/576 bp) with one another. The dominant archaeal sequence shared 74% sequence identity with its closest NCBI BLASTN match, a sulfidic surface water clone from white biomaterial (clone HOEHK17, Accession No. AJ631250), when aligned over the entire 714 base pair insert sequence read. Despite this low overall sequence identity, there were regions of higher sequence similarity observed from base pairs 1-68, 102-439 and 567-713 which share 94%, 97% and 91% sequence identity with clone HOEHK17 respectively. Phylogenetic grouping of this sequence reveals it grouped within the Euryarchaeota, but distantly from other known sequences (Fig. 6) .
Microbial mat activity at subzero temperatures
Mineralization of glucose was observed in Markham and Ward Hunt ice shelf mat samples at 5°C, -5°C and -10°C, showing that these communities are metabolically active at subzero temperatures (Fig. 7) . Glucose respiration rates were extrapolated from the glucose mineralization curves from days 56 to 141 (85 days) when mineralization curves were most linear after the initial burst (Fig. 7) . 
Discussion
Cultured community characteristics
The microbial abundances of these communities were similar at each ice shelf and were similar to those reported in microbial mats from Antarctic lakes (Van Trappen et al., 2002) . Culture-dependent analyses indicated that the heterotrophic bacterial populations in the cultured communities of the two ice shelves were primarily cold-adapted. Heterotrophic plate counts were similar at 5°C and 25°C and no growth was observed in plates incubated at 37°C. All isolates characterized grew at 5°C and 4/30 isolates were capable of growth at -5°C. The number of isolates capable of subzero growth is probably underestimated as only 8/30 strains were capable of growth at 5°C on the subzero medium which appeared to contain an inhibitory combination of 5% NaCl and 5% glycerol. On the other hand, 19/30 strains tested were halotolerant to 5% salt but only four of these strains were capable of subzero growth indicating that halotolerance and subzero growth are not inclusive; many of these strains are most closely related to strains isolated from other cryo-environments (glaciers, sea ice, Antarctic soil). The adaptation to cold temperatures observed in the cultured communities from these ice shelves is not surprising given that air temperatures in this region drop to -50°C in the winter, and throughout all but a brief meltwater period the mats are encased in snow and ice. In situ thermal studies on these mats have shown that they remain below 0°C through most of the year (~300 days), experience an average annual mat temperature of -8.6°C, drop to a minimum mat temperature of -17°C and rise to a maximum of only 1.7°C in late summer . Many of the isolated strains are phylogenetically related to the genera Cellulomonas, Algibacter, Pseudoxanthomonas and Lysobacter that are often associated with plants and algae and are capable of metabolizing polysaccharides. These mat isolates are likely to have a similar role in utilizing organic carbon derived from the microbial phototrophs present in the mats.
Although a general downward trend in plate counts was observed when mat samples were cultured on medium supplemented with higher concentrations of NaCl, the cultured community was moderately salt tolerant. In experiments conducted at 5°C, the highest counts were observed on R2A medium that was not supplemented with additional NaCl; however, counts on plates supplemented with 5.0% NaCl were only decreased by one order of magnitude. Furthermore, 63% of the isolates tested were capable of growth on medium supplemented with 5.0% NaCl. Although the NaCl concentrations used to supplement the medium cover a relatively narrow range, medium containing 5% NaCl represented a 30 times greater concentration of Na + and Cl -than has been reported for the meltwater pools on the Markham Ice Shelf in the summer melt season (Vincent et al., 2004) . The observation of a degree of halotolerance may be expected, as the mat communities must tolerate increased solute concentrations in the surrounding water as the meltwater ponds become frozen . Automated in situ measurements in the water overlying mats in a pond on the Ward Hunt Ice Shelf have shown large increases in salinity during freeze-up, with conductivities rising from 5 to > 25 mS cm -1
, and water temperatures dropping below 0°C . In an analogous pond in Antarctica, the salinity of remaining water above the mats rose to more than five times that of seawater during winter freeze-up, with a minimum observed water temperature of -13°C (Schmidt et al., 1991) .
Arctic ice shelf microbial mat composition
The stratification found in some Antarctic mats of a highly pigmented aerobic surface layer overlying a black, anoxic layer (Vincent et al., 1993) was not apparent from our visual inspection of these communities, consistent with the relatively homogeneous, aerobic oxygen conditions that have been previously measured throughout these mat profiles . Our DGGE analyses of the upper and lower halves of core samples from each ice shelf suggested similar community compositions between the two layers in the mats from both ice shelves, which implies habitat similarities between the portions of the mat analysed.
The homogeneity in vertical profile may be related to mat thickness. The Arctic mat samples analysed in this study were~2.2 cm in thickness, compared with thicker Antarctic McMurdo ice shelf mat communities (~8 cm thick) which are highly stratified (Mountfort et al., 1999) relative to the mats analysed here. It is also possible that variations in species distribution over a smaller scale were not observed because only the upper and lower halves of the mats were analysed and species in very thin layers may be present in too low a proportion to be discerned by DGGE analyses (Muyzer et al., 1993) . The results show very little difference in community structure within the sampled areas of the same ice shelf, although more extensive survey data would be required to verify this. The DGGE analysis also showed little difference in community composition between samples from the two ice shelves, although in the banding pattern analyses the two replicate samples from each ice shelf grouped more closely with one another than they did samples from different ice shelves.
Phylogenetic analyses and biodiversity
Clone library analyses revealed that the mat communities from both the Markham and Ward Hunt ice shelves have Fig. 4 . Phylogenetic analysis of bacterial 16S rRNA gene sequences from clone libraries and cultured representatives of the Markham (MIS) and Ward Hunt (WIS) grouping with the Proteobacteria. Sequences sharing >95% sequence identity to each other were grouped as a phylotype. Phylogenetic relationships were constructed by neighbour joining analysis of 430 positions of homologous sequence, and rooted to the outgroup Aquifex pyrophilus strain Kol5A (M83548). Bootstrap values above 50% are shown as a percentage of 1000 replicates. Sequences obtained in this study are in bold type, and parentheses denote the site from which each isolate was obtained for cultured representatives and the percentage in which each sequence was found in each clone library for cloned representatives. The scale represents the number of mutations per nucleotide position. diverse bacterial populations, with statistical analyses suggesting that the diversity at the Markham Ice Shelf exceeds that of the Ward Hunt Ice Shelf. The diversity of the two ice shelves (H′ = 3.5, 4.4) was higher in comparison with bacterial diversity examined in other polar regions, including cold saline springs in the Canadian Arctic (H′ = 2.2-3.2) (Perreault et al., 2007) , high Arctic permafrost (H′ = 1.8-3.6) (B. Steven and L.G. Whyte, unpubl. data), Antarctic mineral soils (H′ = 1.2-1.6) (Smith et al., 2006) , and Arctic and Antarctic sea ice (H′ = 0.8-1.3) (Brinkmeyer et al., 2003) . The relatively complex DGGE banding patterns of the Arctic microbial and Ward Hunt (WIS) not grouping with the Proteobacteria. Sequences sharing > 95% sequence identity to each other were grouped as a phylotype. Sequences were either unclassified (X) or grouped within the phyla Gemmatimonadetes (G), Verrucomicrobia (V), Fibrobacteres (F), Bacteroidetes (B), Firmicutes (M) or Actinobacteria (A). Phylogenetic relationships were constructed by neighbour joining analysis of 414 positions of homologous sequence, and rooted to the outgroup Aquifex pyrophilus strain Kol5A (M83548). Bootstrap values above 50% are shown as a percentage of 1000 replicates. Sequences obtained in this study are in bold type, and parentheses denote the site from which each isolate was obtained for cultured representatives and the percentage in which each sequence was found in each clone library for cloned representatives. The scale represents the number of mutations per nucleotide position. mats also indicate a greater diversity than we have observed in other high Arctic samples including cold saline springs (Perreault et al., 2007) and permafrost/ ground ice (B. Steven and L.G. Whyte, unpubl. data). The higher diversity observed in the Markham library compared with the Ward Hunt library was not unexpected, as macroscopically, the mat communities of the Markham Ice Shelf appear to be more extensive and highly developed than those found on the Ward Hunt Ice Shelf (Vincent et al., 2004) .
Despite the apparent differences in the two communities at the species level, as indicated by the statistical analyses of the clone libraries, the sequences of both bacterial clone libraries and the sequences from all isolates were found to group predominantly within three phyla: Proteobacteria, Bacteroidetes and Actinobacteria. Although the abundances in which individual sequences are observed in clone library analyses do not necessarily reflect their abundances in an environmental sample (Achenbach and Coates, 2000) , the finding that the dominant sequences in the clone libraries grouped within the same three phyla that were uncovered in the cultured communities suggests the importance of the members of these phyla to the mat ecosystems. Members of these three phyla also represent a substantial proportion of the phyla detected in diversity studies of microbial mats present in Antarctic lakes (Brambilla et al., 2001; Van Trappen et al., 2002) . The presence of similar phyla in both the Markham Ice Shelf and Ward Hunt Ice Shelf communities was expected, as these two systems appear to face many of the same environmental conditions and selective pressures. Furthermore, the similar surrounding habitats may act as a source of inoculation of the two ice shelves, due to the close proximity of these two ice shelves to one another.
The closest cultured BLAST matches to many of the isolates recovered in this study were bacteria first characterized from other cold temperature ecosystems, including sea ice, glaciers, snow cover and Antarctic microbial mats. While many of the isolates from these mats showed high sequence identity to previously cultured bacteria,~33% of the isolates showed less than 97% sequence identity to their closest cultured BLAST match indicating that a considerable proportion of the bacteria isolated may represent novel species.
In contrast to the BLAST matches of isolates recovered in this study, few common trends were noticed in the environmental origins of the closest BLAST matches in the NCBI database for sequences obtained in analyses of either bacterial clone library. Environmental origins of BLAST matches sharing greater than 97% identity with sequences in the clone libraries included marine and freshwater environments, polar sea ice, agricultural soils, legume nodules and uranium mining waste. Interestingly, there was nearly equal representation of the a-and b-Proteobacteria within both libraries. a-Proteobacteria are of widespread occurrence in the marine plankton, including within Arctic communities, while b-Proteobacteria are generally more important in freshwater environments (Garneau et al., 2005) . The marine influence of the basal sea ice in these meltwater pools was previously noted (Vincent et al., 2004) , and the distribution of these two proteobacterial classes in the bacterial clone libraries further underscores the unique nature of these ecosystems.
While many of the sequences in the two bacterial libraries grouped closely to previously reported sequences, most did not group to previously characterized cultured bacteria. As such, it is difficult to infer the characteristics or metabolic activity of the bacteria represented in the clone libraries. With this in mind, the phyla observed in this study could provide a number of metabolic activities important to the mat communities as a whole. The Proteobacteria represented may be responsible for a diverse suite of aerobic and anaerobic metabolic activities (Madigan et al., 2000) . Of particular interest to sulfur cycling processes in these microbial systems is the presence of d-Proteobacteria sequences, found to group within the orders Desulfobacterales in both libraries and Desulfuromonales in the Markham Ice Shelf library; these are orders characterized by members of sulfate-reducing or sulfur-reducing bacteria (SRBs) (Madigan et al., 2000) . The presence of SRBs in the Arctic mats would be consistent with the high sulfate concentrations (177-169 mg l -1 ) previously reported in the pond water overlaying the mats , although we detected no strong smell of H2S during sampling.
That no cyanobacterial sequences were detected in the clone libraries was surprising, considering that cyanobacteria are reported to dominate the algal communities in mats from the Markham Ice Shelf (Vincent et al., 2004) , as in many other polar habitats (Vincent, 2007) . The lack of cyanobacterial sequences in the bacterial clone libraries and the similar DGGE patterns observed between the two layers may be explained by primer bias as it is well documented that cyanobacterial 16S rRNA genes are not efficiently amplified by domainspecific polymerase chain reaction (PCR) primers (Taton et al., 2003; Waleron et al., 2006) . It is also possible that the proportion of cyanobacterial cells in these systems represents a small proportion of the total prokaryotic community. For example, 62-73% of the cyanobacteria/ algal phototrophs in Markham Ice Shelf mats exist in the top 100-500 mm of the mats that can be several centimetres in total depth (Vincent et al., 2004) . Much of the rest of the mat may be composed of decaying phototroph-derived organic matter (including fluorescing degradation pigments), and the associated bacterial communities responsible for its decomposition.
An interesting finding of this study was the apparent lack of archaeal diversity, and a novel archaeal phylotype in these two mat ecosystems. Archaea can be abundant and diverse in cold ecosystems, where they play an important role in biogeochemical cycling (DeLong et al., 2002; Cavicchioli, 2006; Steven et al., 2006; Perreault et al., 2007) . However, microbial mats in Lake Fryxell in Antarctica also showed low archaeal diversity, with only two archaeal phylotypes detected in analyses of archaeal 16S rRNA gene clone libraries: one being distantly related to the methanogen Methanoculleus palmolei and the other sequence closely related to an Antarctic clone sequence (Brambilla et al., 2001) . The archaeal sequence uncovered in this study does not group closely with any other reported archaeal sequences and groups very distantly from any cultured archaea, and it will be of great interest in the future to determine the biogeochemical role of the species represented by this sequence.
Microbial mat activity at subzero temperatures
The detection of metabolic activity at subzero temperatures in these microbial mats augments recent reports of similar activity from a number of other cryo-ecosystems (e.g. Carpenter et al., 2000; Bakermans et al., 2003; Junge et al., 2004) and is also consistent with the observation that a number of isolates obtained in this study were capable of growth at -5°C. The subzero activity potential demonstrated in the microcosm analyses suggests that these communities are metabolically active during both the summer melt season and during thẽ 10 months of the year when the ambient temperatures are < 0°C.
In summary, this work underscores the importance of the Canadian High Arctic ice shelves as rich sites of polar microbial diversity. These ecosystems are vulnerable to the ongoing effects of global warming, but may have served as refugia and sites of microbial growth and evolution during periods of extensive ice cover, such as glaciations during the Proterozoic. The genetic diversity discovered in the present study suggests that such communities may also provide an inoculum of taxonomically and functionally diverse microbiota to colonize other habitats during warmer periods. (83°01.92′N, 71°29.27′W) . In both seasons, mat samples were placed on ice immediately after collection and transported to the Ward Hunt Island field camp. Samples were maintained on ice from the time of sampling for up to 9 days before being frozen at -20°C and maintained frozen until further analyses. In 2005, temperature, pH and conductivity measurements were recorded for the meltwater pools from which the samples were collected using an Oakton pH/CON 10 multiparameter meter equipped with a multisensor probe (Oakton Instruments, Vernon Hills, IL).
Experimental procedures
Study sites and sampling
Microscopy
Direct microscopic counts were performed on 2005 and 2006 samples collected from both ice shelves after being stained with the LIVE/DEAD BacLight Bacterial Viability Kit (InvitroProkaryotic diversity of arctic ice shelf microbial mats 961 gen Corporation, Carlsbad, CA). Mat samples 2.0-5.0 g were transferred to 20 ml dilution tubes containing 2.5 g of sterile 3-mm-diameter glass beads (Fisher Scientific, Waltham, MA) and three times the sample weight of cold, sterile, dilution buffer [0.1% w/v Na4P2O710H2O (pH 7.0 Ϯ 0.2)]. Samples were vortexed at maximum speed for 2 min and subsequently used to prepare serial dilutions used for microscopic analyses. An aliquot of 0.5 ml of each diluted sample was stained for 15 min, as described by the manufacturer, and filtered through 25-mm-diameter, 0.2-mm-poresize, black polycarbonate membrane filters (Poretics, Livermore, CA), backed with 25-mm-diameter, 0.2-mm-poresize, white polycarbonate membrane filters (Poretics, Livermore, CA). Filters were dried, mounted on glass microscope slides with one drop of BacLight mounting oil and covered with a glass coverslip. Filters were viewed using a Nikon Eclipse E600 microscope, equipped with a super high-pressure mercury lamp at 1000¥ magnification through a Texas Red filter. Cells were counted in a minimum of 10 fields of view for each sample and results are reported as mean counts with standard errors calculated from counts of individual samples.
Bacterial cultivation and characterization
Heterotrophic plate counts were prepared in the field in 2005 within 12 h of sample collection by spread plating 100 ml aliquots of 10 -3 , 10 -4 and 10 -5 serial dilutions of samples on R2A agar (Becton, Dickson and Company, Sparks, MD) Plates were incubated at ambient temperatures (~5-10°C) for up to 10 days before incubation at 5°C for 2 months upon return to Montreal, Canada. Heterotrophic plate counts were prepared in the laboratory from the same samples on R2A agar plates supplemented with 0%, 1.0%, 2.5% or 5.0% w/v NaCl and incubated at 5°C, 25°C and 37°C. Subzero medium (R2A agar supplemented with 50 g l -1 NaCl and 50 ml l -1 glycerol) was also spread plated and incubated at -10°C, -5°C and 5°C. All plating was performed in triplicate or quadruplicate and results are reported as mean counts with standard error. Colonies with different macroscopic morphologies were isolated from plates prepared in the field and the laboratory from each ice shelf after 2 months of incubation at 5°C. Colonies were streaked for isolation on fresh medium of the same type from which they were isolated and incubated at 5°C. Isolates were re-streaked a minimum of two times before being subcultured with sterile toothpicks on to medium to determine salt and temperature tolerances and before genetic analyses of isolates were performed. DNA was extracted from isolates by boiling lysis (Sambrooke and Russell, 2001) or using the DNeasy Tissue Kit (Qiagen, Mississauga, ON) according to the manufacturer's method for purification of genomic DNA from Gram-positive bacteria.
Community DNA extractions and 16S rRNA gene amplification
All community DNA extractions were completed using the UltraClean Soil DNA Isolation Kit (MO BIO Laboratories, Solana Beach, CA), as described in the alternative protocol of the manufacturer's instructions. Total community DNA extractions were completed within 12 h of sample collection at the Ward Hunt Island field camp. Extractions from layers of core samples were completed in the laboratory in Montreal, Canada. The cores from the Markham and Ward Hunt ice shelves were each 2.2 cm in length and were split equally into 1.1 cm top and bottom halves using a sterile hot razor to cut through the frozen mat material. All community DNA extractions were purified using polyvinylpolypyrrolidone (PVPP) columns as previously described (Berthelet et al., 1996) .
Bacterial isolate 16S rRNA genes were amplified by PCR using the primer pair 27F (AGA GTT TGA TCC TGG CTC AG) (Lane, 1991) and 758R (CTA CCA GGG TAT CTA ATC C) (Woese, 1987; Lee et al., 1993) : thermocycling conditions consisted of 3 min at 95°C; 30 cycles of 1 min at 94°C, 1 min at 55°C and 1 min at 72°C; and a final extension of 7 min at 72°C. The primer pair 341F (CCT ACG GGA GGC AGC AG) (Muyzer et al., 1996) with a 5′-GC clamp (GCG GGC GGG GCG GGG GCA CGC GGG GCG CGG CGG GCG) and 758R was used for amplification of bacterial 16S rRNA genes for DGGE analyses: thermocycling conditions consisted of 5 min at 96°C, followed by 10 touchdown cycles (68-59°C), and a further 15 cycles at 59°C for 45 s, followed by 72°C for 1 min 30 s and a final extension of 5 min at 72°C. The primer pair 341F and 758R was also used for amplification of bacterial 16S rRNA genes for clone library production: thermocycling conditions consisted of 5 min at 96°C, followed by 15 touchdown cycles (65-59°C), and a further 15 cycles at 59°C for 30 s, followed by 72°C for 1 min 30 s, and a final extension of 5 min at 72°C. Archaeal 16S rRNA genes were amplified using the primers 109F (ACK GCT CAG TAA CAC GT) (Whitehead and Cotta, 1999) and 915R (GTG CTC CCC CGC CAA TTC CT) (DasSarma and Fleischmann, 1995) : thermocycling conditions consisted of 5 min at 94°C; 20 touchdown cycles (62-52°C), and a further 15 cycles at 52°C for 30 s, followed by 72°C for 1 min 30 s; and a final extension of 5 min at 72°C.
Polymerase chain reaction reagents and their final concentrations in a 50 ml reaction mixture were as follows: 1.5 U of Taq polymerase (Invitrogen Canada, Burlington ON), 1¥ PCR buffer, 3.5 mM MgCl2 (both supplied with the Taq polymerase), 0.2 mM of each deoxynucleotide triphosphate, 1 mM of each primer and 5 ml of DNA extract. All PCR mixtures for the amplification of community DNA were prepared as stated, but additionally contained 12.5 mg of BSA.
DGGE analyses
Denaturing gradient gel electrophoresis was used to compare the bacterial communities present between the two ice shelves, between different samples collected from within the same ice shelf, and between different layers in the vertical profile of individual mat samples. DGGE was performed using a DCode Universal Mutation Detection System as described in the manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA). An 8% acrylamide gel with a gradient of urea and formamide from 35% to 65% was prepared and each lane was loaded with approximately 800 ng of PCR product. Samples were run for 16 h at 80 V in 1¥ TAE buffer at 60°C. Gels were stained for 30 min in a solution of 0.01% v/v Vistra Green (Amersham Biosciences, Fairfield, CT) prepared in 1¥ TAE buffer, and destained for 30 min in 1¥ TAE 962 E. M. Bottos, W. F. Vincent, C. W. Greer and L. G. Whyte buffer. Gels were viewed on a Bio-Rad Molecular Imager FX equipped with an External Laser Imager FX (Bio-Rad Laboratories, Hercules, CA). DGGE runs were completed in replicate to ensure reproducibility of results. DGGE results were analysed using Quantity One imaging software version 4.2.1 (Bio-Rad Laboratories, Hercules, CA) to compare banding patterns between samples. Bands in each lane were compared based on position and a neighbour joining distancebased tree was constructed.
16S rRNA gene clone library construction
Total community DNA from total mat samples collected in 2005 from the Markham and Ward Hunt ice shelves were used for clone library construction. A total of four clone libraries were produced to analyse the bacterial and archaeal communities at the two ice shelves. Polymerase chain reaction-amplified community 16S rRNA gene fragments of 417 bp for bacterial libraries and~806 bp for archaeal libraries were cloned into the pGEM-T Easy Vector System I using the manufacturer's instructions (Promega Corporation, Madison, WI) and transformed into Escherichia coli strain DH5a by a standard protocol (Sambrooke and Russell, 2001 ). Clones of interest were selected by blue/white screening on LB/amp plates spread with 100 ml of 40 mM isopropylb-D-thiogalactopyranoside (IPTG) and 100 ml of 2% w/v 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) prepared in N,N-dimethyl formamide 30 min prior to inoculation. DNA was extracted from clones by boiling lysis (Sambrooke and Russell, 2001 ) and cloned inserts were amplified from the pGEM-T Easy vector by PCR using the pGEM-T-targeted primers T7 and SP6 (Promega Corporation, Madison, WI). The PCR reaction mixtures were prepared with reagent concentrations as described above. Thermocycling conditions consisted of 5 min at 95°C; 30 cycles of 45 s at 94°C, 30 s at 57°C and 1 min at 72°C; and a final extension of 5 min at 72°C. RFLP analyses, essentially as described by Steven and colleagues (2007a) , were used to group clones within individual clone libraries and to group isolates with similar morphologies. Sequences with identical RFLP patterns were grouped together as similar sequences and representatives of each group were chosen for sequence analyses. For clone libraries that showed high diversity in RFLP results, the DNA from each clone was sequenced. All sequencing was undertaken by Genome Quebec, based at McGill University, Montreal, Quebec.
Nucleotide accession numbers
These sequence data have been submitted to the GenBank database under Accession No. EU044919-EU045213.
Phylogenetic and statistical analyses
16S rRNA sequences of clones and isolates were compared with known sequences in the NCBI database using the BLASTN algorithm (Altscul et al., 1990) and grouped for phylogenetic analyses using the RDP Classifier function of the Ribosomal Database Project-II release 9 with a confidence threshold of 80% (Cole et al., 2005) . Potential chimeras identified at 99.9% in Mallard version 1.02 (Ashelford et al., 2006) were analysed in Pintail version 1.1 (Ashelford et al., 2005) , and those identified as chimeras were deleted from the clone libraries. Distance matrices of clone sequences were constructed from CLUSTALW alignments using the DNADIST function, with the Jukes Cantor correction, in the PHYLIP program version 3.65 (Felsenstein, 2005) . CLUSTALW alignments compared 430 bp of homologous sequence in analyses of bacterial sequences grouping most closely with the phylum Proteobacteria, 414 bp of homologous sequence in analyses of bacterial sequences not grouping within the phylum Proteobacteria, and 680 bp of homologous sequence in analyses of archaeal sequences. Distance matrices were used in order to complete clone library analyses in the programs DOTUR (Schloss and Handelsman, 2005) and WEBLIBSHUFF version 0.96 (Singleton et al., 2001) . WEBLIBSHUFF was used to compare the two libraries, in order to determine if their compositions were statistically different from one another. The DOTUR output files were used as a basis for comparisons of richness, diversity and library composition, as well as to assess library coverage. Two indices were used to measure phylotype richness, the Chao1 richness estimator (Chao, 1984) and the ACE richness estimator (Chao et al., 1993) , and two indices were used to measure species diversity, the Shannon's diversity index (H′) (Shannon and Weaver, 1949) and the reciprocal of the Simpson's diversity index (1/D) (Simpson, 1949) , which were calculated directly by the DOTUR program for both bacterial libraries. Phylotype composition in each of the libraries was calculated by the Sorenson index (Magurran, 1988) and library coverage was calculated according to Good (1953) . Phylogenetic trees were constructed from the CLUSTALW alignments of clone and isolate 16S rRNA gene sequences in the program MACVECTOR 7.0. Neighbour joining best trees were constructed using the Jukes Cantor correction and the reliability of the tree branch points was assessed by bootstrap analysis of 1000 replicates.
Microbial mat community activity at subzero temperatures
Microbial activity at 5°C and subzero temperatures was detected and quantified by measuring 14 CO2 evolved during mineralization of [2- 14 C] glucose in microbial mat microcosms employing a specialized 14 CO2 trap solution that would not freeze, maintained sufficient CO2 trapping efficiency and did not interfere with liquid scintillation counting at subzero temperatures (Steven et al., 2007b) . Mat samples collected in spring 2006 from the Markham and Ward Hunt ice shelves were used to perform these analyses essentially as described (Steven et al., 2007b) . All microcosms were prepared in triplicate by aseptically dispensing 5.0 g of mat material into sterile 30 ml serum bottles on ice. A 20 ml aliquot of 14 C-labelled glucose solution (Dupont, Boston, MA), containing 0.5 mg of glucose and with an activity of 115 940 disintegrations per minute (dpm), was dispensed into each microcosm with a Hamilton syringe, yielding a final glucose concentration of 0.1 mg per gram of mat in each microcosm. Microcosms were sealed, vortexed briefly and immediately placed at their final incubation temperature for 1 h. Microcosms were then briefly removed from their incubators on ice, and a sterile 8 mm ¥ 40 mm culture tube (Fisher Scientific, Waltham, MA) containing 0.5 ml of trap solution (1 M KOH and 20% ethylene glycol) was aseptically placed inside the serum bottle. Microcosms were resealed and incubated at 5°C, -5°C or -10°C without shaking in Fisherbrand Isotemp Refrigerated Incubators (Fisher Scientific). Sterile negative control microcosms were prepared in triplicate by the same methods used for preparation of the experimental microcosms; however, prior to the addition of the radioactive glucose, the serum bottles containing sample were autoclaved twice, 24 h apart, at 121°C and 15 pounds per square inch (103 kPa) for 30 min. The amount of radioactivity trapped in the microcosms over a 12-week period was determined by liquid scintillation spectrometry using a LS 6500 multipurpose scintillation counter and supplied software (Beckman Coulter, Fullerton, CA) (Steven et al., 2007b) . All manipulations of the microcosms were performed on ice to maintain subzero temperatures and the microcosms were outside of the incubator for less than 5 min; thawing of the samples during 14 CO2 sampling was never observed.
